Introduction {#Sec1}
============

Species A rotaviruses (RVAs) (family *Reoviridae*) are one of the most important pathogens of the gastrointestinal tract causing severe acute diarrhea mainly in children and many young animal species worldwide \[[@CR1], [@CR2]\]. In children, the gastroenteritis not well managed may lead to death. In animals, rotavirus infection can lead to colossal financial losses due to a decrease in productivity mainly in developing countries such as Africa and Asia \[[@CR3]\].

The RVA genome consists of 11 segments of double-stranded RNA (dsRNA) encoding six structural viral proteins (VP1 to VP4, VP6, and VP7) and six non-structural viral proteins (NSP1 to NSP5/6) \[[@CR4]\]. Genome segment 11 codes for two proteins: NSP5 and NSP6 \[[@CR5]\].

RVA can be categorized by a dual classification system, based on the two out capsid proteins VP7 and VP4 that determine G (VP7) and P (VP4) genotypes \[[@CR6]\]. Recently, RVAs have been classified based on the nucleotide sequence identity cut-off values of all the 11 segments since all genes are subject to mutations, reassortment and recombination events \[[@CR7], [@CR8]\]. Until now 36G types and 51P types have been identified in humans and animals \[[@CR9], [@CR10]\] according to the Rotavirus Classification Working Group (RCWG) (<https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg>). This last classification combined with complete genome sequencing and phylogenetic analysis has been applied to elucidate the evolutionary mechanisms through which the strain under study has emerged and to determine potential origins of new strains \[[@CR11]--[@CR13]\]. This has led to obtain conclusive information and vital insights on the complex genetic diversity of rotavirus strains.

Interspecies transmission of RVA may lead to the emergence of novel strains; this mechanism contributes greatly to the diversity of the virus in both animals and humans. Other mechanisms are involved in the rotavirus evolution such as gene reassortment, gene recombination and accumulation of point mutations \[[@CR2]\]. The combination of two of these mechanisms between RVAs of different species can lead to the rise and spread of novel genotypes \[[@CR14]\].

In Morocco, the Bedouin livestock farming systems that are present in several regions of the country may favor the introduction of new strains from a heterologous host to human by interspecies transmission considering their nomadic lifestyle. Due to the high mobility of livestock and the temporary character of the nomadic settlements, no study identified the circulating RVAs causing sudden seasonal disease outbreaks of diarrhea in sheep, goats, dromedaries and cattle. Besides, this infectious disease can have serious negative repercussions on the livestock economy for nomadic farmers, given the large economic impact that represents the breeding of ruminants in these regions. Few studies have been conducted at the dairy farm level in Morocco for the detection of RVA; it was shown that in calves G10P\[14\] and G6P\[5\] are the most circulating genotypes \[[@CR15]\]. In other neighboring countries such as Tunisia, a study was done on dairy calves to determine the prevalence of rotavirus infection and the genomic diversity of bovine rotavirus strains. The most common genotypes found were G6P\[11\] and G10P\[11\], and the genotype G10P\[14\] was seen in only one specimen \[[@CR16]\]. In Western Algeria, the prevalence of bovine rotavirus and bovine coronavirus was determined in feces from diarrheic calves. It showed that both bovine coronavirus and rotavirus are involved in the neonatal calves diarrhea with a high prevalence for bovine coronavirus compared to rotavirus \[[@CR17], [@CR18]\].

The first purpose of this study was to provide some insights into the circulation of RVA in nomadic goats and calves during severe outbreaks of diarrhea which occurred in 2012 and 2014 in Bouaarfa, a nomadic region in Eastern part of Morocco. The second objective was the determination of the complete genome constellation of one caprine and one bovine RVA strain using the full-genome sequencing to obtain more information about the genetic relatedness with a rare human genotype G8P\[14\] detected in a child for the first time in Morocco \[[@CR19]\]. The amino acid sequence comparison of the VP8\* antigenic region between the caprine, the bovine and the human strains and other relevant strains was also conducted. In the meantime, the possible interspecies transmission events of RVA in this circumstance are also discussed.

Materials and methods {#Sec2}
=====================

Sampling {#Sec3}
--------

A total of 30 diarrheic fecal samples were collected from young goats (19) and calves (11) during severe outbreaks of acute diarrhea in 2012 and 2014 in Bouaarfa, a region of nomadic farmers in Eastern part of Morocco.

Detection of RVA {#Sec4}
----------------

Fecal samples were identified as positive for RVA using the rapid test (Duo Rota-Adenovirus-Check-1, VEDA LAB, France) according to the manufacturer's instruction.

Viral dsRNA extraction {#Sec5}
----------------------

10% of fecal suspension was prepared in PBS. The homogenate was centrifuged at 5000×*g* for 15 min and the supernatant collected. Total viral RNA was extracted from 140 µl of the supernatant using QIAamp Viral RNA Mini Kit (Qiagen, Inc., Valencia, CA) following the manufacture's instructions. Viral RNA was eluted in 50 µl of elution buffer and stored at -80 °C.

RT-PCR and partial nucleotide sequencing {#Sec6}
----------------------------------------

The extracted viral RNA was reverse transcribed (RT) using Tetro cDNA Synthesis kit (Bioline, London, UK) following the manufacturer's instructions. PCRs were performed using specific primers targeting VP4 and VP7 genes and MyFi Mix (Bioline, London, UK) as described previously \[[@CR20], [@CR21]\]. The PCR products were purified using ExoSAP-IT purification kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacture's protocol. Nucleotide sequences were determined using Big Dye Terminator Cycle Sequencing kit v3.1 (Life technologies, Inc. Foster City, CA) on an ABI Prism 3130XL Genetic Analyzer (Life technologies, Inc. Foster City, CA).

Genotype assignment {#Sec7}
-------------------

RVA genotypes were assigned to VP7 and VP4 gene segments of positive strains using the online rotavirus genotyping tool, RotaC v2.0 \[[@CR22]\].

The partial sequences of VP7 and VP4 genes were deposited into the GenBank sequence database under accession numbers KT461271 through MN583318 (Table [1](#Tab1){ref-type="table"}).Table 1Record data from thirty fecal samples collected during 2012 and 2014 in Bouaarfa, Eastern part of MoroccoSamples identificationAge by daysHostDuo Rota-Adenovirus-Check-1 rapid testGenotypesVP4 Accession numbersVP7 Accession numbersCh_S1010Young goat + G6P\[14\]KT461271KT461280Ch_S118Young goat + G6P\[14\]KT461274KT461283Ch_S11110Young goat + G6P\[14\]KT461275KT461284Ch_S314Young goat + G6P\[14\]KT461276KT461285Ch_S6115Young goat + G6P\[14\]KT461277KT461286Ch_S4420Young goat + G10P\[14\]KT461279KT461288Ch_S215Young goat + G6P\[14\]KT461272KT461281Ch_S1210Young goat + G6P\[14\]KT461278KT461287Ch_S2210Young goat + G6P\[14\]KT461273KT461282S110Calf + GxP\[14\]MN583319--S210Calf + G10P\[14\]MN583320MN583315S310Calf + GxP\[14\]MN583321--S422Calf + GxP\[14\]MN583322S514Young goat + G6P\[14\]MN583323MN583316S616Calf + GxP\[14\]MN583324--S710Calf + GxP\[14\]MN583325S822Young goat + GxP\[14\]MN583326--S925Calf + GxP\[14\]MN583327--S1015Young goat−------S1115Calf−------S1260Young goat + G10P\[14\]MN583328MN583317S1321Calf−------S1460Calf−------S157Young goat + G10P\[5\]MN583329MN583318S166Young goat−------S177Young goat−------S1815Calf + G6P\[14\]MN067458MN067460S197Young goat + G10P\[14\]MN067447MN067449S2010Young goat−------S218Young goat--------(+) Positive samples for RVA (rapid test Rota-Adenovirus-Check-1, VEDA LAB, France). (−) Negative samples for RVA (rapid test Rota-Adenovirus-Check-1, VEDA LAB, France). (X) Undetermined genotypes

Full-length genome sequencing of bovine strain (S18) and caprine strain (S19) {#Sec8}
-----------------------------------------------------------------------------

Two out of 22 bovine and caprine RVA positive samples were selected for whole-genome sequencing. The strain RVA/Calf-wt/MAR/S18/2012/G6P\[14\] was selected because its VP4 gene sequence is 100% identical to that of the human strain ma31 \[[@CR19]\]. The selection of the second strain RVA/Goat-wt/MAR/S19/2012/G10P\[14\] among the caprine RVA samples was based on the availability of sufficient material allowing whole-genome sequencing directly from the fecal sample.

Whole-genome amplification {#Sec9}
--------------------------

The cDNA of each rotavirus gene segment (11 segments) of the two strains S18 and S19 was subjected to PCR using specific primers in addition to newly designed primers (Supplementary Table [1](#Tab1){ref-type="table"}) and MyFi Mix (Bioline, London, UK) according to manufacturer's instruction. The amplification conditions were 95 °C for 2 min, 35 cycles of 95°c for 1 min, 60 °C for 1 min, and 72 °C for 1 to 5 min depending on the length of cDNA, followed by final extension at 72 °C for 8 min. Amplicons were separated on 1.5% agarose gels containing ethidium bromide (0.5 µg/ml) and visualized under UV transilluminator.

Nucleotide sequencing {#Sec10}
---------------------

Purification of the PCR products was done by ExoSAP-IT purification kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacture's protocol. Amplicons were sequenced with the Big Dye Terminator Cycle Sequencing kit v3.1 (Life technologies, Inc. Foster City, CA) using the same primers used for PCR, in addition to primers used exclusively for sequencing. To recover the entire sequence fragments including the 5′ and 3′ termini of the 11 gene segments, Primer walking strategy was conducted. For VP3 and NSP1 genes, primers were newly designed to recover the complete open reading frame (ORF) sequences (Supplementary Table 2). The percentage of the novel sequence for each gene was also calculated based on the nucleotide length of the primers used for sequencing and the length of the respective gene obtained (Supplementary Table 3).

The sequence data was collected from an ABI Prism 3130XL Genetic analyzer (Life technologies, Inc. Foster City, CA). The sequences were edited and assembled using DNA Dragon Sequence Assembler version 1.6.0 (Sequentix-Digital DNA Processing, Germany).

RotaC version 2 (<https://rotac.regatools.be>), a classification tool for RVAs, was used to assign genotypes to the eleven gene segments.

Phylogenetic analysis {#Sec11}
---------------------

Phylogenetic and molecular evolutionary analyses were conducted using the MEGA 6 software \[[@CR23]\]. Multiple sequence alignments were conducted utilizing the MUSCLE program. Maximum likelihood phylogenetic trees were constructed using models of nucleotide substitutions based on the lowest Bayesian Information Criterion (BIC) scores \[[@CR24]\]: GTR+G+I (NSP1 and VP3), T92+G(NSP2, NSP3, NSP4, VP6 and VP7), TN93+G+I (VP2 and VP4), GTR+I (VP1) and T92+G+I (NSP5) in the MEGA 6 software. The trees were constructed using bootstrap resampling analysis at 1000 replicates. Amino acid alignment for VP4 gene was performed using MEGA 6 software.

Sequence submission {#Sec12}
-------------------

The nucleotide sequences of all genome segments of both strains were deposited in the National Centre of Biotechnology Information (NCBI) database, GenBank, under the accession numbers from MN067450 (NSP1) to MN067460 (VP7) for S18 and from MN067439 (NSP1) to MN067449 (VP7) for S19 (Supplementary Table 4).

Results {#Sec13}
=======

Characterization of the genotypes of RVA strains circulating in the Bouaarfa region {#Sec14}
-----------------------------------------------------------------------------------

The area of Bouaarfa is located in the oriental region in North-Eastern Morocco. Steppes of Alfa and sagebrush are the basis for the regional farming production. The pastoral tradition is well established among the tribes of the region with nomadic vocation. Indeed this area is overwhelmingly inhabited by nomadic pastoral communities who make use of this harsh environment, keeping sheep, goats, camels, and cattle together. In April 2012 and 2014, thirty diarrheic fecal samples were collected from cattle and goats (eleven calves and nineteen young goats) during a severe outbreak in nomadic livestock in this region. Among the 30 diarrheic fecal samples collected, RVAs were detected in twenty-two samples by the Duo Rota-Adenovirus-Check-1, rapid test. These positive samples were obtained from different nomadic farmers established in remote areas in this vast region.

By analysis of partial nucleotide sequences, the VP7 and VP4 genes of the positive samples from both caprine and bovine origin were assigned to G6P\[14\] for ten (45.45%) samples, G10P\[14\] for four (18.18%) samples, and G10P\[5\] for one (4.54%) sample. Successful partial genome sequencing was possible in fifteen (68.18%) of the positive calf and goat fecal samples. Thus, for some strains, undetermined genotypes were attributed to the VP7 gene such as S1, S3, S4, S6, S7, S8 and S9 (Table [1](#Tab1){ref-type="table"}).The RVA strains isolated from young goats presented three different genotypes: G6P\[14\], G10P\[14\] and G10P\[5\], whereas the VP7 gene could not be identified in all calf fecal samples, except for S2 and S18. On the other hand, the P\[14\] genotype was found for all positive samples, except for one strain S15, whose genotype has been determined as G10P\[5\] (Table [1](#Tab1){ref-type="table"}).

Nucleotide sequencing and full-genome-based genotyping of strains S18 and S19 {#Sec15}
-----------------------------------------------------------------------------

The genotypes of the 11 genes of S18 and S19 strains were assigned as G6-P\[14\]-I2-R2-C2-M2-A3-N2-T6-E2-H3 and G10-P\[14\]-I2-R2-C2-M2-A11-N2-T6-E2-H3, respectively, using the RotaC database. These genotypes constellations were found to be on a DS-1-like genetic backbone (I2-R2-C2-M2-A2-N2-T2-E2-H2). However, for the two strains, NSP5 was AU-1-like and NSP3 was the T6 genotype. NSP1 was A3/11 genotypes for S18 and S19, respectively.

Constellation comparison {#Sec16}
------------------------

Comparison of the complete genotype constellation of the studied strains with the human Moroccan strain ma31 and other bovine and non-bovine strains is shown in Supplementary Table 5.

S18 and S19 strains were found to share a largely conserved non-G genotype constellation (P\[14\]-I2-R2-C2-M2-(A3/11)-N2-T6-E2-H3) which is commonly found in bovine-like strains. The constellation of the bovine strain S18 is completely identical to the human strains from Italy (PA169, 111-05-27), Belgium (B10925) and Thailand (SKT-27) with eleven shared genotypes, while some strains from human and animal origin share nine genotypes with S18 such as the human strain ma31 from Morocco, the bovine strain 1604 from South Africa and the Macaque strain PTRV from United States. The Chubut strain and the caprine strain 0040 from Argentina share eight and seven genotypes, respectively, with the bovine strain S18. The latter shares also the same constellation with human G8 RVAs such as PR1300 and PR1973 (Italy) (Supplementary Table 5). The caprine strain S19 present an identical constellation with the human strains V585 and PR457 from Australia and Italy, respectively, thus eleven genotypes are shared. Other animal and human strains share ten genotypes with S19 like the ovine strain OVR762 from Spain and the human strains ma31, MG6, N-1, EGY3399, BA02, Hun5, BP1879, BP1062 and 182-02 from Morocco, Australia, India, Egypt, Italy, and Hungary, respectively (Supplementary Table 5). Also, the comparison of the constellations of the S18 and S19 isolates shows that they have nine genotypes in common and the majority of the human and animal strains present the same genotype with S18 and S19 for nine genes VP4, VP6, VP1-VP3, NSP2-NSP5 (Supplementary Table 5).

Phylogenetic analyses {#Sec17}
---------------------

We constructed phylogenetic trees for the full-length gene sequence of each of the eleven gene segments of Moroccan RVA strains: the caprine strain S19 and the bovine strain S18, together with appropriate human and animal RVA strains. We also calculate the nucleotide sequence identity for strains selected for phylogenetic analyses. The strains in NCBI database that had the highest sequence identity with the bovine and the caprine RVA strains of this study are given in Table [2](#Tab2){ref-type="table"}.Table 2Percentage identities of the most closely related nucleotide sequences of the complete genome segments of rotavirus strains listed in the GenBank compared to the bovine strain (S18) and the caprine strain (S19)GenesGenotypeRVA/Calf-wt/MAR/S18/2012/G6P\[14\]RVA/Goat-wt/MAR/S19/2012/G10P\[14\]Closely related strainNA^a^ (%)Accession numberGenotypeClosely related strainNA^a^ (%)Accession numberNSP1A3RVA/Cow-tc/JPN/NCDV/XXXX/GXP\[X\]96.48GU808570A11RVA/Human-tc/MAR/ma31/2011/G8P\[14\]98.55MG214332NSP2N2RVA/Human-wt/THA/CMH-N165-13/2013/G8P\[8\]97.3MH060115N2RVA/Human-wt/HUN/BP1879/2003/G6P\[14\]96.13FN665683NSP3T6RVA/Cow-wt/TUR/Amasya-1/2015/G8P\[5\]97.30KX212881T6RVA/Cow-tc/XXX /RF/XXXX /G6P\[6\]96.37Z21639NSP4E2RVA/Pig-tc/THA/P343/1991/G10P\[5\]98.38AB972865E2RVA/Human-wt/Bel/BEF06018/2014/G29P\[41\]95.17KU128901NSP5H3RVA/Dog-wt/GER/88,977/2013/G8P\[1\]98.20KJ940161H3RVA/Sheep-tc/ESP/OVR762/2002/G8P\[14\]98.65EF554158VP1R2RVA/Cow-tc/XXX /RF/XXXX /G6P\[6\]96.31J04346R2RVA/Sheep-tc/ESP/OVR762/2002/G8P\[14\]94.73EF554148VP2C2RVA/Giraffe-wt/IRL/UCD/2007/G10P\[11\]97.65GQ428142C2RVA/Human-tc/MAR/ma31/ 2011/G8P\[14\]97.66MG214338VP3M2RVA/roe deer-wt/SLO/D110-15/2015/G8\[14\]97.43KY426811M2RVA/Human-wt/DEU/GER29-14/2014/G6P\[9\]96.62KX880441VP4P\[14\]RVA/Human-tc/MAR/ma31/ 2011/G8P\[14\]100MG214340P\[14\]RVA/Guanaco-wt/ARG/Chubut/1999/G8P\[14\]95.85FJ347103VP6I2RVA/Human-wt/THA/SKT-27/2012/G6P\[14\]97.05LC055551I2RVA/Human-wt/ITA/111--05-27/2005/G6P\[14\]98.30EF554141VP7G6RVA/Cow-wt/FRA/V025/2010/G6P\[5\]97.55HE646646G10RVA/Cow-tc/THA/61A/1989/G10P\[5\]96.10LC133541^a^Percentage of nucleotide sequence identity to closest related strain

Phylogenetic analysis showed that NSP2, VP4 and VP6 genes for S18 strain and NSP1, NSP2, NSP4, VP2, VP3 and VP6 genes for S19 strain clustered with human RVA strains, while the rest of the genes for both S18 and S19 were closely related to animal strains (Table [2](#Tab2){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}a--k).Fig. 1Phylogenetic trees constructed from full nucleotide sequences of all 11 RVA gene segments of caprine RVA strain RVA/Goat-wt/MAR/S19/2012/G10P\[14\] and bovine RVA strain RVA/Calf-wt/MAR/S18/ 2012/G6P\[14\] with those of Moroccan human RVA strain ma31 and other RVAs. Moroccan strains are identified by a black circle. Maximum likelihood method was used, with bootstrap at 1000 repetitions. Percent bootstrap support is indicated by the value at each node when the value was 80% or larger. Scale bars represent the number of nucleotide substitution per site

The VP7 genes of Moroccan bovine strain S18 and caprine strain S19 exhibited the highest nucleotide sequence identity (97.55% and 96.10%, respectively) with French bovine strain V025 (G6P\[5\]) and Thai caprine strain 61A (G10P\[5\]) (Fig. [1](#Fig1){ref-type="fig"}a). The S18 strain belonged to lineage IV of the G6 genotype, while the caprine strain S19 belonged to lineage VII of the G10 genotype. The human strain ma31 with its G8 genotype was too far from the other Moroccan strains in the VP7 tree.

The VP4 genes of P\[14\] strains S18 and S19 exhibited the maximum nucleotide sequence identity (100% and 95.85%, respectively) with the Moroccan bovine-like human strain ma31 (G8P\[14\]) and the Argentinean Guanaco strain Chubut (G8P\[14\]) (Table [2](#Tab2){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}b). Phylogenetically, S18 and S19 strains belonged to lineage I which includes human, goat, cow, sheep and antelope strains. Furthermore, we compared the putative VP8\* antigenic epitopes of S18 and S19 strains with those of selected P\[14\] strains (Fig. [2](#Fig2){ref-type="fig"}). The antigenic epitope 8-1 of S18 and S19 strains appeared to be conserved with those of RVA P\[14\] strains from different species (human, bovine and ovine). RVA/Human-tc/MAR/ma31/2011/G8P\[14\], RVA/BOV/MAR/Bas1:2S/2014/P\[14\], RVA/BOV/MAR/Bas2:6S/2014/P\[14\], RVA/Human-wt/BEL/B10925/1997/G6P\[14\] and RVA/Human-wt/GHA/M0084/2010/G6P\[14\] carried very similar neutralizing epitopes as that of S18 strain. However, differences were observed at four amino acid positions, three at 8-3 (S113P and N114S for goat and guanaco strains; N133D for human, guanaco and ovine strains) and one at 8-4 (I89V) (Fig. [2](#Fig2){ref-type="fig"}). The analysis of the neutralizing epitopes along with phylogenetic analysis suggested that the VP4 gene of the Moroccan human strain ma31 was a result of an interspecies transmission from bovine-like rotavirus to human.Fig. 2VP8\* (VP4) antigenic epitopes analysis of strains S18 and S19 with selected P\[14\] strains. Moroccan strains are marked in bold

The VP6 gene of S18 strain showed the maximum nucleotide sequence identity (97.05%) with the VP6 gene of the Thai human strain SKT-27 (G6P\[14\]) \[[@CR25]\] having a DS-1-like genetic backbone. While the VP6 gene of S19 strain showed the highest nucleotide sequence identity (98.30%) with the VP6 gene of the Italian human strain 111-05-27 (G6P\[14\]) \[[@CR7]\] (Table [2](#Tab2){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}c).

The VP1 genes of strains S18 and S19 exhibited the maximum nucleotide sequence identity (96.31% and 94.73%, respectively) with the bovine strain RF (G6P\[6\]) and the ovine strain OVR762 (G8P\[14\]) from Spain (Table [2](#Tab2){ref-type="table"}). Phylogenetic analysis revealed that S18 and S19 strains were closely related to several human, bovine and bovine-like human strains from different parts of the world within the bovine-like R2 subcluster (Fig. [1](#Fig1){ref-type="fig"}d).

The analysis of the VP2 tree (Fig. [1](#Fig1){ref-type="fig"}e) revealed a very close clustering (97.65% nucleotide identity) of the S18 strain with the giraffe G10P\[11\] strain detected in Ireland in 2007 (RVA/Giraffe-wt/IRL/UCD/2007/G10P\[11\]), while the VP2 gene of the S19 strain clustered closely with the human strain MAR/ma31 detected in Morocco in 2011 (97.66% nt identity) (Table [2](#Tab2){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}g) which was described to be of bovine-like human origin \[[@CR19]\].

The VP3 gene of the S18 and S19 strains clustered with the roe deer G8P\[14\] strain (D110-15) from Slovenia detected in 2015 (97.43% nt identity) and the human G6P\[9\] strain (GER29-14) isolated in Germany in 2014 (96.62% nt identity). The analysis of the VP3 tree showed that the ma31 strain was located too distantly from the two strains S18 and S19 although it classified within the same M2 genotype as the latter (Fig. [1](#Fig1){ref-type="fig"}f and Table [2](#Tab2){ref-type="table"}).

Concerning non-structural genes, the NSP1 gene of S18 strain showed the maximum nucleotide sequence identity (96.48%) with that of Japanese bovine-like human strain NCDV (Table [2](#Tab2){ref-type="table"}), and phylogenetically, S18 strain was found to be distantly related to other human and bovine strains in the A3 genotype (Fig. [1](#Fig1){ref-type="fig"}g) on the other hand, the NSP1 gene of S19 strain clustered closely with the Moroccan human strain ma31 with 98.55% of nucleotide identity. In the phylogenetic tree, the two strains were closely related with bovine and human strains from different parts of the world in the A11 genotype (Table [2](#Tab2){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}g).

NSP2 tree showed a close relationship between S18 strain and the human CMH-N165-13 strain detected in Thailand in 2013 (97.3% nt identity). The same tree showed a very close clustering between the caprine strain S19 and the human BP1879 strain isolated in Hungary in 2003 presenting 96.13% of nucleotide identity (Table [2](#Tab2){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}h).

For the NSP3 gene, the sequence of S18 strain clustered very well with the bovine strain (TUR/Amasya-2/2015/G8P\[5\]) with 97.30% of nucleotide identity, while the S19 strain presented a maximum nucleotide sequence identity (96.37%) with the bovine strain RF (G6P\[6\]) (Table [2](#Tab2){ref-type="table"}), the bovine-like human strain ma31 was found to be distantly related to other bovine and human strains in the T6 genotype (Fig. [1](#Fig1){ref-type="fig"}i).

The NSP4 genes of strains S18 and S19 exhibited the highest nucleotide sequence identity (98.38% and 95.17%, respectively) with the porcine strain P343 (G10P\[5\]) isolated in Thailand in 1991 and with the human strain BEF06018 (G29P\[41\]) detected in Belgium in 2014, respectively. Phylogenetically, the human strain ma31 was found to be remotely related to S18 and S19 strains in the E2 genotype (Table [2](#Tab2){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}j).

For the latest tree of the NSP5 gene, S18 strain matched closely with the dog strain GER/88,977/2013/G8P\[1\] (98.20% nt identity), while the S19 strain clustered closely with the ovine strain ESP/OVR762/2002/G8P\[14\] (98.65%) (Table [2](#Tab2){ref-type="table"}). Phylogenetic analysis showed that the human strain ma31 was sandwiched between the two strains S18, S19 and other human and bovine strains from different countries such as Germany, Japan, Turkey, Spain and Italy (Fig. [1](#Fig1){ref-type="fig"}k).

Discussion {#Sec18}
==========

The caprine and bovine rotaviruses isolated in 2012 and 2014, in the nomadic livestock of the Bouaarfa region and analyzed in this study, revealed the existence of 3 circulating genotypes G6P\[14\], G10P\[14\] and G10P\[5\] in ruminants with a dominance of G6P\[14\]. This finding is in accordance with previously published data, which reported that the G6P\[14\] strains have been found so far in a South African group A caprine rotavirus \[[@CR26]\]. Furthermore, the G6, G8, and G10 types have been detected in various RVA strains in cattle. The most common worldwide bovine genotype is G6, followed by G10 in Europe, Asia, Australia and Americas, and G8 in Africa \[[@CR27]\].

Regarding P typing, P\[14\] and P\[5\] strains are prevalent in many countries around the world and the three combinations G6P\[14\], G10P\[14\] and G10P\[5\] are already described in many areas worldwide such as Europe, Australia and South Africa \[[@CR26], [@CR27]\]. In Morocco, a study conducted in 2016 in different farm dairies in the western part of the country during a severe neonatal calve diarrhea reported the circulation of two genotypes G10P\[14\] and G6P\[5\] \[[@CR15]\]. Thus, despite the geographical position and lifestyle of the livestock, the genotypes circulating in cattle of both dairy farmers and nomads are more or less the same according to our study. Among these caprine and bovine strains genotyped, the complete genome sequences were determined for two strains S18 and S19 in order to gain more insights about the genetic relatedness between the latter and the human strain ma31. On whole-genomic analysis, the 11 segments of strains ma31, S18 and S19 were found to be relatively genetically diverse, but they share a widely conserved non-G genotype constellation (P\[14\]-I2-R2-C2-M2-(A3/11)-N2-T6-E2-H3), which is commonly found and characteristic of artiodactyls bovine-like rotavirus strains \[[@CR28], [@CR29]\]. On the other hand, the phylogenetic analysis revealed that most genes of the three strains were related to those of bovine and bovine-like strains. The analysis of the VP8\* antigenic epitopes for both S18, S19 and ma31 revealed a shared similarity with bovine, caprine, ovine and human strains from Morocco and other countries. Thus, these strains share the same genetic background that appears to be altered by independent interspecies transmission events (Fig. [2](#Fig2){ref-type="fig"}). This may indicate the probable conservation of function and structure of the antigenic epitopes among these strains.

All these findings, suggest that the human strain ma31 was a result of reassortment events between human and animal rotaviruses. It represents a case of interspecies transmission of RVA strains belonging to members of the *Artiodactyla* family including cattle, goat and camelids as has been discussed by Matthijnssens *et al.* \[[@CR29]\] and others \[[@CR30]\]. Many examples of the transfer of animal segments of the virus to humans were reported in different parts in the world \[[@CR31]--[@CR35]\]. Most of these segments were isolated either from porcine strains to human as demonstrated in Belem, Brazil by the VP6 gene sequencing \[[@CR32]\], or by sequencing the VP7, VP4, VP6, and NSP4 genes to analyze the genetic relationship between human and animal rotaviruses (bovine and caprine) as described in two Danish and Brazilian studies \[[@CR33]--[@CR35]\]. The event of animal RVA segment transfer of the virus to human has been detected most frequently in low income countries where animals and humans are living closely, often sharing the same dwellings, as is the case of Moroccan nomadic farmers. We have previously reported that the human strain ma31 was isolated from a child living in a rural region near the city of Rabat in frequent contact with cattle, goat and sheep \[[@CR19]\], which may explain the isolation of the uncommon genotype G8P\[14\] never previously detected in Moroccan children. Thus seven gene segments (VP2, VP4, VP7, NSP1, NSP2, NSP3 and NSP4) of the strain demonstrated a high degree of similarity with strains of animal origin (caprine, bovine, ovine and dog). Three of these segments are very similar to those of S18 (VP4) and S19 (VP2, NSP1) strains isolated in Bouaarfa region in Morocco, while the other genes (VP7, NSP3, and NSP4) are close to the ovine Spanish strain OVR762 (G8P\[14\]) isolated in 2002 \[[@CR7]\], and NSP2 similar to the dog strain 88977 (G8P\[1\]) isolated in Germany in 2013 \[[@CR36]\]. The remaining four genes (VP1, VP3, VP6, and NSP5) presented a very close similarity to human RVA strains. In addition to that, the most frequent genotypes isolated in children and reported according to Benhafid et al*.* \[[@CR37]--[@CR40]\] are G1P\[8\], G9\[P8\], G2P\[4\], G4P\[8\] and G3P\[8\].

Therefore, the close relatedness of the three genes (VP4 for S18 with 100% nt identity, VP2 and NSP1 for S19 with 97.66% and 98.55% nt identity, respectively) of bovine and caprine strains to the human strain ma31, as well as the close relationship of three other genes with the ovine strain OVR762 (NSP4, NSP3 and VP7 with 97.6--99% nt identity) and one gene (NSP2 with 98.5% nt identity) with a dog strain 88977, suggest that ma31 may evolve through multiple reassortment events between human and ruminant rotaviruses. Our data indicates interspecies transmission between artiodactyl (bovine and/or caprine) and human rotaviruses and the zoonotic potential of rotavirus strains from ruminants seems to have a major significance since domestic animal species such as ruminants with direct contact to humans, can play a role in the spread of the virus by acting as natural reservoirs of the rotavirus \[[@CR19], [@CR29], [@CR41], [@CR42]\].

In conclusion, zoonotic transmission and gene segment reassortment between human and animal RVA do contribute to increase the diversity of human RVA strains \[[@CR33]\]. The zoonotic studies are limited due to a poor disposability of genome sequences of animal RVA. Consequently it is important nowadays to expand monitoring of infections by rotaviruses to domestic animals, because its absence seems to reduce understanding of epidemiologic behavior of the virus. Thus and concerning this research, additional studies are needed with more samples taken from nomadic livestock in different regions of Morocco to obtain better informed results. Moreover, based on the results of this first study conducted on the livestock of nomadic farmers, and to avoid rotavirus infections causing neonatal diarrheic syndrome in nomadic calves and goats leading to important economic losses, a strategy for maternal rotavirus vaccination is recommended to boost lactogenic immunity and transfer passive antibodies to the neonate via colostrum and milk.

It is also imperative in Morocco, to create a surveillance system that can detect and identify animal rotaviruses, collect genetic data and estimate their zoonotic potential. Also, in parallel, the implementation of rotavirus surveillance strategies with an ongoing monitoring of genotypes in humans is crucial. These two actions will contribute significantly to the control and prevention of RVA infections in both humans and domestic animals, especially in regions with nomadic herders.

Electronic supplementary material
=================================

 {#Sec19}

Below is the link to the electronic supplementary material.Supplementary file1 (DOC 187 kb)Supplementary file2 (DOC 152 kb)Supplementary file3 (DOCX 17 kb)Supplementary file4 (DOCX 15 kb)Supplementary file5 (DOCX 24 kb)

**Publisher\'s Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This study was supported by the National Center for Scientific and Technical Research (CNRST) and the virology department. There was no involvement of the funding sources in carrying out this work from its conception to the data analysis, article writing and its submission for publication.

NT, CL and EE conceived and designed the study. SA, HB and MM carried out the experiments. SA, MM and ME performed the data analysis. SA wrote the draft. NT, EE, MM, CL, HB and ME reviewed the manuscript. All the authors read the final version of the manuscript and approved it for publication.

The authors declare that they have no conflict of interest.

All fecal samples were collected from different nomadic farmers after authorization and in accordance with the Vet responsible, Dr. S. Fellahi.

[^1]: Edited by Juergen A Richt.
